ABSTRACT
This report compares key metrics for two fuel design models of the High Flux Isotope Reactor (HFIR). The first model represents the highly enriched uranium (HEU) fuel currently in use at HFIR, and the second model considers a low-enriched uranium (LEU) interim design fuel. Except for the fuel region, the two models are consistent and both include an experiment loading that is representative of HFIR's current operation.
The considered key metrics are
• the neutron flux at the cold source moderator vessel, • the mass of 252 Cf produced in the flux trap target region as function of cycle time, • the fast neutron flux at locations of interest for material irradiation experiments, and • the reactor cycle length.
These key metrics are a small subset of the overall HFIR performance and safety metrics. They were defined as a means of capturing data essential for HFIR's primary missions, for use in optimization studies assessing the impact of HFIR's conversion from HEU fuel to different types of LEU fuel designs.
INTRODUCTION
The High Flux Isotope Reactor (HFIR) is a high-flux pressurized light water-cooled and -moderated fluxtrap type research reactor operated at Oak Ridge National Laboratory (ORNL). HFIR is one of the major neutron research facilities at ORNL, supporting neutron scattering experiments, materials irradiation research, and isotope production. The reactor is operated at 85 MWth power and is fueled with highly enriched uranium (HEU) dispersion fuel (U3O8-Al), with a nominal enrichment of 93 wt% 235 U. Efforts are ongoing to design a low-enriched uranium (LEU) fuel with 19.75 wt% 235 U enrichment that would allow a safe, reliable, affordable conversion of HFIR from HEU to LEU fuel. The LEU fuel under consideration is a high-density U-Mo alloy [1] .
One of the goals of the HFIR fuel conversion program is to "ensure that the ability of the reactor to perform its scientific mission is not significantly diminished" [1] . To compare the performance of HFIR HEU and LEU cores and assess various LEU fuel design alternatives, a simple yet broad set of key performance metrics is required. These metrics, used for relative comparisons, are intended to represent the multifaceted missions of HFIR-neutron scattering, isotope production, and materials irradiationand to be relatively straightforward to calculate. Absolute performance estimation and benchmarking to HFIR's actual performance will be conducted separately and in more detail.
The parametrization of the considered key metrics, which is described in Section 2 of this report, includes
• the neutron flux at the cold source moderator vessel, • the 252 Cf produced in the flux trap target region, • the fast neutron flux at locations of interest for material irradiation experiments, and • the reactor cycle length.
The models used to calculate these key metrics are documented in detail in previous publications [2] [3] [4] . This report presents a comparison of these key metrics, which were determined for two three-dimensional (3-D) high-fidelity HFIR models. The first model [2] considers HEU fuel, an experiment loading representative of HFIR's current operation, and a reactor power of 85 MW. The second model [3] considers an LEU interim design fuel [1] with a reactor power of 100 MW. Except for the fuel region, the two models are consistent and both include an explicit representation [2] [3] [4] of the HFIR's fuel plate involute geometry.
The results of the key metrics comparison are presented and discussed in Section 3 of this report, followed by concluding remarks in Section 4.
KEY METRICS DESCRIPTION
Evaluation of the key performance metrics has been performed based on the parametrization described herein. For each of the key metrics, the following are provided: the calculated parameters, the location in the reactor, the day during the reactor cycle at which the parameters are calculated, and the units used to report the calculated data.
FLUX AT THE COLD SOURCE MODERATOR VESSEL
The following parameters are calculated for the cold source moderator vessel, where fluxes are expressed in units of n/cm 2 s) (absolute flux value) and n/cm 2 s MW (flux per unit power), and En stands for neutron energy:
• neutron flux for cold neutrons for the energy bins (En < 0.103978 eV) listed in Table 2 .1 • neutron flux in three energy groups:
o thermal (En < 0.625 eV), o epithermal (0.625 eV < En < 100 keV), o fast (100 keV < En < 20 MeV), • total neutron flux (En < 20 MeV)
• neutron flux ratios:
o thermal/total, epithermal/total, fast/total, o group flux/total (group energy as shown in Table 2 .1). The neutron fluxes are reported at beginning of cycle (BOC), end of cycle (EOC), and middle of cycle (MOC). The magnitude of the cold flux is expected to increase from BOC through EOC as the control elements that separate the beryllium reflector from the fuel elements region are withdrawn during the reactor cycle. This results in increased streaming of neutrons from the fuel into the reflector. The cold source moderator vessel region where the fluxes are calculated consists of three cells in the HFIR model that was developed for use with the Monte Carlo N Particle (MCNP) [5] code: 86011, 86051, and 86091. The material considered in these three cells is hydrogen at a temperature of 20 K.
It was assumed that hydrogen in the cold source moderator vessel is 99.8% para-hydrogen and 0.2% ortho-hydrogen, as applicable to liquid hydrogen [6] . This assumption impacts the thermal scattering data used in the MCNP neutron transport simulations. The spin state (ortho or para) of the hydrogen atoms is relevant for cold neutrons because for neutron energies below 30 meV, the total neutron cross sections for the ortho and para states are significantly different, with the cross section for the ortho state being larger than the cross section for the para state [7] . The thermal scattering libraries used with MCNP for hydrogen at 20K were hortho.10t and hpara.10t.
The selected energy bins in Table 2 .1 are relevant for studies previously reported for the HFIR cold source design [7] . The table also shows the corresponding cold neutron wavelengths.
CALIFORNIUM-252 PRODUCTION
The calculated parameter is the total mass of 252 Cf (in grams) produced in all targets used for 252 Cf production (see Fig. 2 .1). These targets are located at five sites in the flux trap target region and are labeled Cm in Fig. 2 .1 because the initial feedstock material is curium oxide. In addition to the target position map at the core midplane, this figure includes a cross section of the MCNP model showing the representation of this map.
Data are reported at EOC and at the end of each day of the irradiation cycle. The 252 Cf production target is assumed to have the isotopic composition as specified in the HEU representative model [2] . 
FAST FLUX IN FLUX TRAP AND REFLECTOR
The following parameters are calculated, where fluxes are expressed both in units of n/cm 2 s (absolute flux value) and n/cm 2 s MW (flux per unit power), and En is the neutron energy:
• fast neutron flux (100 keV < En < 20 MeV) and total neutron flux (En < 20 MeV), and
• fast-to-total neutron flux ratio. The calculated parameters are reported at BOC, MOC, and EOC. 
CYCLE LENGTH
The cycle length was calculated based on time-dependent depletion simulations that model the timedependent symmetric movement of control elements to ensure criticality at each state point. It represents the time span between BOC and EOC.
The EOC is determined as the time point at which both of the following criteria are met:
• control elements are fully withdrawn (relative positions of control elements are specified in the MCNP model by translation cards; an absolute value of 68.58 cm in these translation cards indicates fully withdrawn control elements), and
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• effective multiplication factor keff (or eigenvalue) at EOC is within 50 pcm (or 0.0005) of the critical value of 1.0.
Cycle length is expressed in days, with a precision of 0.5 days. This precision is considered adequate for EOC estimations in HFIR depletion simulations [2, 3] .
RESULTS

FLUX AT THE COLD SOURCE MODERATOR VESSEL
Low-energy flux
The calculated flux in the low energy range (less than 104 meV considered here) is presented in Tables 3.1, 3 .2, and 3.3 for the BOC, EOC, and MOC state points. Each of these tables includes the flux and the flux per unit power for the HEU and LEU cores, as well as the LEU to HEU flux ratio, for each of the nine energy bins specified in Table 2 .1. The EOC time was 26 days [2] for the HEU core and 34 days [3] for the LEU core, as further discussed in Section 3.4. The MOC state point was set as 14 days for the HEU and 18 days for the LEU core [2, 3] .
As seen in Tables 3.1-3 .2, the flux increases from BOC to EOC for both HEU and LEU cores. For the HEU core, the fluxes at MOC in all considered energy bins are ~13-14% greater than the corresponding fluxes at BOC, whereas the fluxes at EOC are ~20% greater than the fluxes at BOC. For the LEU core, the fluxes at MOC in all considered tally bins are ~16% greater than the corresponding fluxes at BOC, whereas the fluxes at EOC are ~21% greater than the fluxes at BOC.
The flux per unit power in all energy bins and at all state points for LEU is always smaller than for HEU, with LEU/HEU ratios varying between 0.88 and 0.90, depending on the time point. The variation with wavelength of the flux per unit power for the HEU and LEU cores at EOC is illustrated in Fig. 3 .1.
The absolute flux values for LEU are ~4-6% greater than for HEU, depending on the energy bin and time point considered. Note that the total system power, which is used for normalizing the flux calculated with MCNP, is 100 MW for LEU and 85 MW for HEU. The power was increased for the LEU core to conserve the overall flux performance in the reactor after conversion from HEU to LEU [1] . The differences between LEU and HEU fluxes at the location discussed here (cold source moderator vessel) are consistent with the observed hardening of the neutron spectrum in the beryllium reflector and beam tube regions when the fuel is changed from HEU to LEU. Table 2 .1) to the total flux (integrated over the 0-20 MeV energy range) for HEU and LEU cores at EOC. The values of these ratios at BOC, MOC, and EOC are presented in Table 3 .4. Table 3 .5 presents the cumulative flux distribution , calculated as:
where g is neutron group index (1 to 9, ordered from low to high energies), k is distribution bin (1 to 9), and ϕ stands for neutron flux. This distribution, illustrated in Fig. 3 .3 for the EOC state point, provides a measure of the fraction of the total neutron flux that corresponds to a cold neutron wavelength that is greater than a given value. For example, for the LEU core at EOC, 1.3% of the total neutron flux corresponds to neutron energies smaller than 0.8181 meV and wavelengths greater than 10 Å, and 77.3% of the neutron flux corresponds to neutron energies smaller than 104 meV and wavelengths greater than 0.887 Å. 
Three-group and total flux
The calculated three-group fluxes and the total flux at the cold source moderator vessel for the LEU and HEU cores at BOC, MOC, and EOC are presented in Table 3 .6. These fluxes are included here to provide the total flux that was used to calculate the relative ratios discussed in Section 3.1.1 and to enable a comparison of the fluxes in the low-energy range (see Table 2 .1) with fluxes on a coarser energy grid. a Energy groups are: thermal (En < 0.625 eV), epithermal (0.625 eV < En < 100 keV, and fast (100 keV < En < 20 MeV); En stands for neutron energy. b Relative standard deviation (1σ) for the flux tally was provided by MCNP; relative standard deviation for flux ratio was calculated based on relative standard deviations for flux tallies. c Standard deviation (1σ) calculated for the flux ratio.
CALIFORNIUM-252 PRODUCTION
The variation with cycle time of the 252 Cf mass produced in the five targets located in the flux trap (see Fig. 2.1 ) is listed in Table 3 .7 and illustrated in Fig. 3.4 . Figure 3 .4 shows the 252 Cf mass variation using both linear and log scales to facilitate a direct comparison of the HEU and LEU values at all times within the reactor cycle. 
HEU LEU
The mass of 252 Cf at EOC is 36.08 mg for the HEU core at 85 MW and 57.48 mg for the LEU core at 100 MW. Therefore, there is ~60% more 252 Cf produced in the LEU core than in the HEU core for one reactor cycle. However, the total irradiation time is much longer in the LEU case (34 days) than in the HEU case (26 days). Based on the mass variation with irradiation time, the same mass of 252 Cf that is produced in the 26-day HEU cycle at 85 MW power could be obtained at an irradiation time of ~25 days with the LEU core at 100 MW power.
The comparison presented in this report is intended for relative comparisons between the LEU and the HEU cores only. Accuracy of the HFIR HEU model in predicting the 252 Cf production will be established in an upcoming validation study that will use actual HFIR 252 Cf production data.
FAST FLUX IN FLUX TRAP AND REFLECTOR
The fast flux metrics for the considered irradiation locations (see Section 2.3) and the three considered state points (BOC, MOC, and EOC) are presented in Table 3 .8 for the flux trap locations and in Table 3 .9 for the reflector locations.
The fast neutron flux (n/cm 2 s) for the LEU core at 100 MW is greater than that of the HEU core at 85 MW in both flux trap and reflector locations and at all considered state points. The magnitude of the difference between LEU and HEU cores varies within the reactor cycle in the range of ~14-18% for the flux trap and ~7-12% for the reflector.
The fast neutron flux per unit power (n/cm 2 s MW) for the LEU core in the flux trap at BOC is practically the same (values within ~0.4%) as for the HEU core, but it is slightly smaller at MOC (by ~3%) and EOC (by ~1%). For the reflector locations, the fast flux per unit power for the LEU core is smaller than for the HEU core at all times during the cycle; the difference is ~9% at BOC and ~4% at EOC.
The fast-to-total flux ratio for the LEU core is greater than for the HEU core at both flux trap and reflector locations and at all considered state points. The fast-to-total flux ratios calculated for the LEU core are greater than those for the HEU core by ~8-12% for the flux trap and ~4-10% for the reflector locations, depending on the time point. Table 3 .10 presents cycle-average flux data, with the average calculated based on the flux values at BOC, MOC, and EOC. Though a rigorous cycle-average calculation should include all state points between BOC and EOC (27 for HEU and 35 for LEU), the approximate averages shown here provide a reasonable measure of the relative difference between HEU and LEU cycles.
The data in Table 3 .10 show that on average, the LEU fast flux (n/cm 2 s) at 100 MW is greater than the HEU fast flux at 85 MW by ~15% in the flux trap and ~10% in the reflector. The LEU fast flux per unit power (n/cm 2 s MW) is smaller than the HEU fast flux per unit power by ~2% in the flux trap and ~6% in the reflector, on average. The fast-to-total LEU flux ratio is greater than the corresponding HEU value by ~10% on average in the flux trap and ~6% in the reflector. 
CYCLE LENGTH
The cycle length was estimated to be 26 days for the HEU representative model [2] and 34 days for the LEU representative model with interim design fuel [3] . The eigenvalue at EOC is 0.99976 (1σ = 0.00013) for the HEU core [2] and 0.99950 (1σ = 0.00015) for the LEU core [3] . The symmetrical control element withdrawal curves in the HEU and LEU models are illustrated in Fig. 3 .5. The 68.58 cm position corresponds to fully withdrawn control elements. 
CONCLUSIONS
This report documents selected key performance metrics for the HFIR HEU core at 85 MW operating power and an LEU core with an interim design fuel that would operate at 100 MW power. The purpose is to estimate the relative impact due to change of fuel from HEU to LEU on metrics relevant to the neutron scattering, isotope production, and material irradiation missions of HFIR. The HEU and LEU models used for this assessment are consistent. Both models include an explicit representation of the HFIR's fuel plate involute geometry and an experiment loading that is representative of HFIR's current operation, with the fuel region being the only difference between the models.
The considered key metrics include
• neutron flux at the cold source moderator vessel, • 252 Cf production in the flux trap target region, • fast neutron flux at locations of interest for material irradiation experiments, and • reactor cycle length.
These metrics are relatively easy to calculate and can serve for preliminary assessment of the impact on reactor performance of various LEU fuel designs. When changing the fuel from HEU to LEU, the reactor cycle length increases by ~31%, from 26 days to 34 days, for the considered LEU fuel design and fuel load. Assuming that the same number of six cycles per year is used for the HEU and LEU cores, it would result in ~31% additional time available per year for experiments with the LEU core. Even with only six cycles of LEU operation versus seven cycles of HEU operation, the operating time would increase by 12%.
The neutron fluxes in the cold source moderator vessel were calculated in nine low-energy groups from 0 to 104 meV to cover the neutron wavelength range of interest to cold neutron scattering experiments. For each of these energy groups, the LEU fluxes (n/cm 2 s) are ~3-6% greater than the HEU fluxes depending on the considered energy bin and time point during the reactor cycle. However, the flux per unit power (n/cm 2 s MW) in all nine energy bins and at all time points is smaller for LEU than for HEU, with LEU/HEU flux ratios varying between 0.88 and 0.90, depending on the time point and energy bin. Given that the LEU cycle is much longer than the HEU cycle, the fluence is greater for the LEU than for the HEU core, for the LEU fuel design and fuel load considered here.
The calculated ratios of the low-energy fluxes in each of the considered nine energy bins to the total flux (0-20 MeV) in the cold moderator vessel provide a measure of the fraction of total flux that corresponds to a given cold neutron wavelength range. For the LEU and HEU cores at EOC, neutrons with wavelengths less than 10 Å are ~1.3% of the total neutron flux, while neutrons with wavelengths greater than 0.887 Å make up 77.3% and 78.7%, respectively, of all neutrons at this core location.
The mass of 252 Cf calculated in one HEU cycle is 36.08 mg, while 57.48 mg were calculated in one cycle for the considered LEU core. Therefore, the LEU 34-day cycle produces ~60% more 252 Cf than the HEU 26-day cycle. The 252 Cf mass variation with irradiation time for the HEU and LEU cores indicates that the mass of 252 Cf that is produced in the 26-day HEU cycle would correspond to a total irradiation time of ~25 days with the LEU core. This comparison applies only to the LEU power level and fuel configuration as considered here and would differ for other LEU configurations (as function of power, fuel load, fuel design, etc.).
The fast neutron flux (n/cm 2 s) for the LEU core is greater than that of the HEU core in both flux trap and reflector material irradiation locations and at all considered time points, by ~14-18% for the flux trap and ~7-12% for the reflector, depending on the time within the reactor cycle. However, the fast neutron flux per unit power (n/cm 2 s MW) is smaller for the LEU core than for the HEU core. The magnitude of this effect is lower for the flux trap (< 3%) than for the reflector region (between 4-9% depending on the time within the reactor cycle). However, the fast neutron fluence for the LEU core is higher than for the HEU core given the much longer LEU cycle length for the LEU fuel and load considered here.
Comparison of the key metrics in this report shows that the change of fuel from HEU to LEU would not adversely affect the reactor performance that is reflected by these metrics. However, the conclusions of this assessment are valid only for the LEU fuel design, initial load, and core power considered here. They will not be directly applicable for other, different LEU core configurations, for which a new assessment of the key metrics will be required.
